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Abstract: The continuing increase in human activities is causing global 
changes such as increased deposition of atmospheric nitrogen. There is 
considerable interest in understanding the effects of increasing atmos¬ 
pheric nitrogen deposition on soil enzyme activities, specifically in terms 
of global nitrogen cycling and its potential future contribution to global 
climate change. This paper summarizes the ecological effects of atmos¬ 
pheric nitrogen deposition on soil enzyme activities, including 
size-effects, stage-effects, site-effects, and the effects of different levels 
and forms of atmospheric nitrogen deposition. We discuss needs for 
further research on the relationship between atmospheric nitrogen depo¬ 
sition and soil enzymes. 
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Introduction 

Soil enzymes play a pivotal role in catalyzing reactions associ¬ 
ated with soil organic matter decomposition and nutrient cycling 
in ecosystems (Ge et al. 2010; McGuire et al. 2010). Soil enzyme 
activities can be proxies for edaphic properties (Li et al. 2006; 
Ge et al. 2010), the availability of soil substrates for microbial 
community and plant uptake (Ge et al. 2010; Yan et al. 2011), the 
degree of soil pollution (Ge et al. 2010), the degree of external 
interference in soil ecosystems (Ge et al. 2010; Yan et al. 2011), 
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community structure and metabolic activities of soil microorgan¬ 
isms (Ge et al. 2010; Yan et al. 2011), and the rates of microbial 
decomposition (Moorhead & Sinsabaugh 2000). Therefore, de¬ 
termination of soil enzyme activities is a powerful tool for un¬ 
derstanding the biological processes of soil ecosystems (DeFor- 
est 2009). In recent years, soil enzyme activity has received 
increasing attention in pedology research (Saiya-Cork et al. 2002; 
Sinsabaugh et al. 2002, 2005; Song et al. 2009; Wang et al. 2010, 
201 la, b; Guo et al. 2011a, b; Yan et al. 2011). 

Continuing increases in human activities in recent decades 
have induced climate and environment changes on global scales, 
including elevated atmospheric nitrogen (N) deposition (Gallo¬ 
way et al. 2008). At present, atmospheric N deposition is a major 
source of anthropogenic N in the ecosystems in Northeastern 
United States, Europe, and Asia (Galloway et al. 2008). Ecosys¬ 
tems are predicted to receive increasing amounts of reactive N 
due to expected increases in human activities in coming decades 
(Galloway et al. 2008; Schlesinger 2009). Ecosystems even in 
unpopulated areas are subject to anthropogenic N influences via 
the long distance transport of such pollutants (Wolfe et al. 2006). 
Elevated atmospheric N deposition is delivered to ecosystems in 
excess of biological demand and assimilation capability, and 
might induce N saturation (van den Berg et al. 2011) and lead to 
multiple impacts on ecosystems (Hu et al. 2010; van den Berg et 
al. 2011; Wang et al. 2011a). Anthropogenic N deposition has 
been identified as a major global threat to ecosystem functioning 
(Clark & Tilman 2008; Annitage et al. 2012). Effects of atmos¬ 
pheric N deposition on soil enzyme activity have stimulated 
considerable interest in recent years (Saiya-Cork et al. 2002; 
Sinsabaugh et al. 2002, 2005; Gallo et al. 2004; Song et al. 2009; 
Hu et al. 2010; Wang et al. 2010, 2011a; Guo et al. 2011a, b) 
because soil enzymes play primary roles in organic matter de¬ 
composition and nutrient cycling (DeForest 2009; Ge et al. 2010), 
specifically in terms of global N cycling, and this could impact 
the rates of climate change in future. 

We reviewed the ecological effects of atmospheric N deposi¬ 
tion on soil enzyme activity, and discussed shortcomings of cur¬ 
rent research in this field. 
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Size-effects of atmospheric N deposition on soil en¬ 
zyme activities 

There is a growing body of evidence that the effects of atmos¬ 
pheric N deposition on soil enzyme activities are inconsistent. 
Reasons might include difference in forest types, the type and/or 
the level of N fertilization, and/or the time scale of the studies 
(Wang et al. 2010). For example, some studies used "N fertiliza¬ 
tion" methods. Some investigators found neutral effects of at¬ 
mospheric N deposition on soil enzyme activities, e.g., oxidase 
(Keeler et al. 2009), (3-glucosidase, N-acetyl-glucosaminidase 
(Bell et al. 2010), laccase (Blackwood et al. 2007; Lauber et al. 

2009) , cellulase (Andersson et al. 2004), cellobiohydrolase, xy- 
losidase, phenol oxidase, peroxidase (Bell et al. 2010), and 
phosphatase (Robroek et al. 2009). This might be due to the fact 
that: (1) there is N saturation for soil microorganisms (Hobbie 
2000); (2) other nutrients, such as phosphorus (P), may be more 
limiting for the metabolic activities of soil microorganisms (Elser 
et al. 2009); (3) nutrients have a long residence time leading to a 
delayed response to additional input of exogenous N; (4) rapid 
removal of the added nutrients via plant uptake, microbial mobi¬ 
lization, or leaching loss (Silvan et al. 2005; Yavitt et al. 2011); 
and/or (5) the ecosystem might adapt to exogenous N-input due 
to its higher homeostatic function under external interference 
(e.g., atmospheric N deposition)(Hobbie & Vitousek 2000). 

Other studies found positive effects of atmospheric N deposi¬ 
tion on soil enzyme activities, e.g., cellulase (Wang et al. 2010, 
2011a; Liu et al. 2011), (3-glucosidase, (3-glucosaminidase (Iy- 
yemperumal & Shi 2008; Liu et al. 2011), cellobiohydrolase, 
protease (Iyyemperumal & Shi 2008), chitinase (Liu et al. 2011), 
peptidase (Saiya-Cork et al. 2002), (3-N-acetylglucosaminidase 
(Green et al. 2006), dehydrogenase (Kang & Lee 2005), phos¬ 
phatase, urease (Wang et al. 2010, 2011a), and nitrate reductase 
(Wang et al. 2011a). This might be due to (1) alleviated N limita¬ 
tion on the metabolic activities of soil microorganisms (Sinsa- 
baugh et al. 2002; Wang et al. 2010, 2011a; Guo et al. 2011a, b), 
(2) elevated N utilization efficiency of soil microorganisms 
(Agren et al. 2001), (3) exogenous N can accelerate plant pro¬ 
ductivity (Xia & Wan 2008) as can aboveground forest litter (Liu 
& Greaver 2010), which increases the amount of carbon (C) for 
soil microorganisms, and/or (4) exogenous N can induce a prim¬ 
ing effect on the metabolic activities of some microbial commu¬ 
nities (Wang et al. 2011a). 

Others found negative effects of atmospheric N deposition on 
soil enzymes, e.g., lignin-degrading enzymes (Janssens et al. 

2010) , phosphatase, urease, glutaminase, arylsulfatase (Kang & 
Lee 2005), nitrate reductase (Wang et al. 2010), chitinase 
(Olander & Vitousek 2000), polyphenol oxidase (Gallo et al. 
2004), dehydrogenase, protease (Hu et al. 2010), peroxidase, 
(3-glucosidase (DeForest et al. 2004), catalase, oxidase (Song et 
al. 2009), cellulase (Sinsabaugh et al. 2002), and nitrogenase 
(Shevtsova & Neuvonen 1997). This may be due to (1) fonnation 
of more recalcitrant materials after complexation between N and 
polyphenols contained in forest litters (Wang et al. 2010, 2011a), 
(2) inhibition of lignin-degrading enzymes by low molecular N 
compounds (Janssens et al. 2010), although lignin-degrading 
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fungi grow slowly and are inefficient in their C use and likely to 
be out-competed by other soil microorganisms when N is in 
plentiful supply (Janssens et al. 2010), (3) long-tenn atmospheric 
N deposition can reduce plant productivity and input of litter into 
soil ecosystems, thus reducing the amount of C available to soil 
microorganisms (Compton et al. 2004) and altering the substrate 
utilization patterns of soil microorganisms (Thirukkumaran & 
Parkinson 2000; Wang et al. 2011a), and/or (4) atmospheric N 
deposition alters edaphic properties (Keeler et al. 2009; Guo et al. 
2011b; Wang et al. 2011a), for example, nitrogenous fertilizers 
might bring more H + into the soil subsystem and induce deeper 
acidification (Keeler et al. 2009; Guo et al. 2011b), this might 
trigger a series of changes, including changes in the rates of syn¬ 
thesis and release of exoenzymes by soil microorganisms, altered 
stability of exoenzymes, changes in concentrations of inhibitors 
or activators in soil solutions and effective concentration of the 
substrate (Dick et al. 2000). 

Effects of different levels of atmospheric N deposi¬ 
tion on soil enzyme activities 

Levels of natural atmospheric N deposition vary by region and 
deposition in fast-developing regions is generally higher than 
that in undeveloped regions (Galloway et al. 2008). Over the past 
decade, ecologists have become increasing interested in the ef¬ 
fects of varying levels of atmospheric N deposition on soil en¬ 
zyme activities. The effects of varying levels of atmospheric N 
deposition varied by soil enzyme type in N fertilization experi¬ 
ments. In general, low-level N can accelerate enzymatic activi¬ 
ties, while high-level N fertilization reduces soil enzyme activi¬ 
ties. Wan et al. (2009) reported that low-level N fertilization can 
reduce the activities of acid phosphatase and urease, while 
high-level N fertilization accelerates the activities of these en¬ 
zymes. Liu et al. (2011) found identical results for the effects of 
atmospheric N deposition in varying quantities on the activities 
of )3-glucosidase, N-acetyl-(S-glucosaminidase, chitinase, and 
cellulase. This indicates the existence of an N critical load in soil 
ecosystems. Atmospheric N deposition might have positive ef¬ 
fects on soil enzyme activities at levels of atmospheric N deposi¬ 
tion below critical values but negative effects when the level of 
N exceeds a critical threshold (i.e., N-saturated) (Johnson et al. 
1998). High levels of N deposition have the greatest impact on 
lignin degrading fungi because they might be inefficient in their 
C use (slow growth) and might be outcompeted by other micro¬ 
organisms when N is plentiful (Janssens et al. 2010) or that high 
concentrations of low-molecular weight N compounds can sup¬ 
press the synthesis of lignin degrading enzymes (Edwards et al. 

2011 ). 

Effects of different forms of atmospheric N deposi¬ 
tion on soil enzyme activities 

Natural atmospheric N deposition includes inorganic N (e.g., 
ammonium and nitrate) and organic N (e.g., urea, amino acids, 
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aliphatic amines, peroxyacyl nitrates, N heterocyclic compounds, 
alkyl nitrates, and methyl cyanide)(Comell et al. 2003). Thus, 
fertilization experiments using a single fonn of N cannot give a 
complete picture of the effects of atmospheric N deposition on 
soil enzyme activities. Further studies, especially field studies, 
are required to characterize the ecological effects of different 
forms of atmospheric N deposition on soil enzyme activities for 
better understanding of the role of atmospheric N deposition on 
ecosystems. Fonns of N deposition have strong effects on soil 
enzyme activities (Guo et al. 2011b; Wang et al. 2011a). Wang et 
al. (2011a) found that mixed fonns of N (ammonium, nitrate, and 
urea balanced mix) had significantly stronger effects than single 
N (ammonium, nitrate, and urea) on the activities of catalase, 
cellulase, invertase, polyphenol oxidase, nitrate reductase, urease, 
and acid phosphatase. The activities of invertase, cellulase, cel- 
lobiohydrolase, alkaline phosphatase, and catalase under mixed 
N (ammonium nitrate, urea, and glycine mix with varied ratios) 
fertilization were higher than those of single inorganic N (am¬ 
monium nitrate) fertilization (Guo et al. 2011b). Possible reasons 
could be (1) the form of N used by microbial decomposers may 
vary by species, and/or (2) single forms of N fertilization may 
disturb the balance of oxidized and reduced N and/or inorganic 
and organic N for the community of soil microorganisms, lead¬ 
ing to lower acceleration effects on microbial functioning than 
induced by a mixed form of N fertilization (Thirukkumaran & 
Parkinson 2000; Sinsabaugh et al. 2002; Guo et al. 2011b; Wang 
et al. 2011a). Organic N had a stronger effect than did inorganic 
N (Thirukkumaran & Parkinson 2000; Wang et al. 2011a), possi¬ 
bly due to more rapid assimilation of organic N by soil microbes 
(Thirukkumaran & Parkinson 2000; Gallo et al. 2004; Wang et al. 
2011a). Another explanation might be that fertilization with more 
inorganic N caused deeper soil acidification both in field and 
laboratory conditions and low soil pH values repress soil enzyme 
activity (Guo et al. 2011a). 

Soil enzyme activities responded differently to various mixed 
N fertilizations. Soil enzymes exhibited highest activities under 
mixed N fertilization with the ratio of inorganic N (ammonium 
nitrate) to organic N (urea and glycine balanced mix) at 3:7 (Guo 
et al. 2011a, b). Mixed N fertilization might have alleviated for¬ 
est N-limited conditions more effectively, while excessive inor¬ 
ganic N or organic N might have disturbed the balance of N cy¬ 
cling for the metabolic activities of soil microorganisms, and 
then lowered the stimulatory effects on enzyme activities (Guo et 
al. 2011a, b). Mixed N fertilization can increase the resistibility 
of soil microorganisms to fluctuations in pH mediated by ex¬ 
ogenous N and decrease the damage caused by reactive oxygen 
compounds (Guo et al. 201 lb). 

Stage-effects of atmospheric N deposition on soil 
enzyme activities 

Ecologists are increasingly interested in understanding the stage 
effects of atmospheric N deposition on soil enzyme activities 
because these might be long-term continuing processes. There 
might be differences in microbial communities during the suc¬ 


cession of soil microorganisms, and generally the microbial 
biomass in early succession is dominated by bacteria, whereas 
fungi predominate in late succession (Jiang et al. 2009). Exoge¬ 
nous N has a positive effect on bacterial biomass and metabolic 
activity, while having a neutral or negative effect on fungal bio¬ 
mass and metabolic activity in general (Clegg 2006). Therefore, 
it is not surprising that some studies found positive effects of 
atmospheric N deposition on soil enzyme activities in the early 
phase and negative effects in the later phase. Wan et al. (2009) 
found that invertase activity was reduced in the first two months 
and accelerated later under N fertilization, meanwhile, the oppo¬ 
site results were found for acid phosphatase. This suggested that 
there are stage-effects of atmospheric N deposition on soil en¬ 
zyme activities. 

Site-effects of atmospheric N deposition on soil en¬ 
zyme activity 

Differences in forest communities can influence soil microbe 
communities directly through variations in the type, complexity, 
and amount of organic matter input into soils. Microbe commu¬ 
nities might differ by forest type, e.g., broad-leaved forests are 
often dominated by bacteria and coniferous forests by fungi 
(Schimel et al. 2007). Based on such differences, the activities 
and communities of soil microorganisms might differ in their 
responses to the deposition of extraneous N in different forest 
types. Atmospheric N deposition has the capacity to alter plant 
community composition and diversity because of species differ¬ 
ences in resource acquisition, resource-use efficiency, allocation, 
growth response, and competitive ability (Xia & Wan 2008; 
Hautier et al. 2009), which then alter the above- and be¬ 
low-ground interactions, and, in turn, affect soil microbial activi¬ 
ties and the related soil enzyme activities. Some investigators 
also attributed site-specific or forest-specific variations in the 
effects of atmospheric N deposition to variation in soil enzyme 
activity. For example, in the Acer saccharum-Tilia cunericana 
ecosystem, oxidative activity was 38% higher in the litter hori¬ 
zon of high-level N treatment plots, relative to ambient plots, 
while oxidative activity in mineral soils showed little change. 
While in A. sacchcirum-Quercus rubra and Q. velutina-Q. alba 
ecosystems, oxidative activity declined in both litter (15% and 
23%, respectively) and soil (29% and 38%, respectively) in re¬ 
sponse to high-level N treatment while cellobiohydrolase activity 
increased 6% and 39% for litter, and 29% and 18% for soil, re¬ 
spectively (Sinsabaugh et al. 2005). Waldrop et al. (2004) found 
that the highest level of atmospheric N deposition tended to re¬ 
duce the activity of phenol oxidase and peroxidase in black 
oak/white oak ecosystems, and, conversely, atmospheric N depo¬ 
sition tended to increase the activity of the two enzymes in sugar 
maple/red oak and sugar maple/basswood ecosystems. Some 
studies found that exogenous N generally accelerates phenol 
oxidase activity in forest litter with high lignin content, while 
stimulated or had no effect in forest litter with low lignin content. 
The dichotomy reflects the critical regulatory role of lignin con¬ 
tent on the activity of special enzymes under atmospheric N 
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deposition (Sinsabaugh et al. 2005). Some investigators found 
that long-tenn atmospheric N deposition tended to accelerate 
microbial biomass and enzymatic activities in N-limited ecosys¬ 
tems, but had no significant effects (Chu et al. 2007) or even 
negative effects in P-limited ecosystems (Johnson et al. 1998). 
This suggests that P availability may play a key role in control¬ 
ling microbial metabolism and enzymatic activity under condi¬ 
tions of atmospheric N deposition (Elser et al. 2009). 
Site-specific or forest-specific variations in the effects of atmos¬ 
pheric N deposition on soil enzyme activities may be attributed 
to differences between sites or forest types in nutrient availability 
(Olander & Vitousek 2000; Treseder & Vitousek 2001), litter 
lignin content (Sinsabaugh et al. 2002), C:N ratios in forest litter 
and soils (Michel & Matzner 2003), chemical components of 
forest litter (Shirato & Yokozawa 2006), microbial biomass (Guo 
et al. 2011b; Wang et al. 2011a), microbial community composi¬ 
tion (Schimel et al. 2007), and the sensitivity of microbial com¬ 
munities to atmospheric N deposition (Hobbie 2000; Wang et al. 
2011a). 

Sigiienza et al. (2006) suggest that changes in soil microbes 
are a direct consequence of N deposition, but they might also 
result from changes in the composition of plant communities 
because plants provide the substrate for growth of soil organisms. 
Although plant species has a pronounced effect on microbial 
community structure, this effect may be masked by exogenous 
high N inputs (>30 kg N ha 1 a 'XZechmeister-Boltenstern et al. 
2011). Therefore, investigation of the direct and indirect effects 
of atmospheric N deposition on soil enzyme activity is urgently 
needed, especially in field studies. 

Summary 

In recent years, numerous studies have investigated the ecologi¬ 
cal effects of atmospheric N deposition on soil enzymes. While, 
there are some shortcomings of the current research, we offer the 
following key summary points: 

(1) In different ecosystems, there are large differences in N 
status, rate and duration of atmospheric N deposition, N fonns, 
and/or time scales of studies. Therefore, it is difficult to compare 
the effects of atmospheric N deposition on different ecosystems 
under similar conditions. 

(2) Numerous studies have determined the effects of gradient 
N on ecosystems (Sinsabaugh et al. 2002; Green et al. 2006; 
Wang et al. 2010). However, natural atmospheric N deposition 
contains various N components (Cornell et al. 2003) and changes 
in the fonn of N deposits are expected in the future (Galloway et 
al. 2008). Thus, a single N fertilization experiment cannot pro¬ 
vide a precise reflection of the effects of atmospheric N deposi¬ 
tion on soil enzyme activities. Unfortunately, recent research 
focuses on the monitoring and simulation with gradient N fer¬ 
tilization in laboratory conditions, while neglecting the effects on 
ecosystems of different fonns of N components derived from 
atmospheric deposition, especially organic N deposition, or 
mixed N deposition containing various N components. 

(3) Atmospheric N deposition into soils follows several path- 
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ways, such as wet- or dry- deposition, and plant uptake 
(Schlesinger 2009). These pathways might cause different effects 
on soil enzyme activity. In many simulation experiments, ni¬ 
trogenous fertilizers were directly applied to soils rather than to 
above-ground plants to investigate the ecological effects of at¬ 
mospheric N deposition. In contrast, natural atmospheric N first 
contacts above-ground plants (or litter) from which it reaches the 
soil. 

(4) Nitrogenous fertilizers in most simulation experiments 
were added in high dosees in one-off or periodic applications to 
elicit ecosystem responses within short experimental timescales 
(Annitage et al. 2012). This ignores the fact that the effects of 
atmospheric N deposition on ecosystems are a long-tenn con¬ 
tinuous process. Silvan et al. (2005) documented in simulated N 
fertilization experiments that only 15% of added high-pulse N 
was assimilated into microbial biomass and 15% was emitted in 
gaseous fonn, while plants used up to 70% of added N. 

(5) With the continuing increase in human activities in recent 
decades, the changes in climate and environment are being glob¬ 
alized as well as pluralized. Thus, further studies, especially field 
studies, are required to characterize the synthesized effects of 
atmospheric N deposition and other components of global cli¬ 
mate and environment change on ecosystem functioning. 

(6) Soil microorganisms play key roles in decomposition of 
soil organic matter and nutrient cycling: microbes are sensitive 
indicators of soil fertility and quality (Ge et al. 2010; McGuire et 
al. 2010). Thus, it is important to assess the effects of atmos¬ 
pheric N deposition on the metabolic activity and community 
composition of soil microorganisms, especially the soil microor¬ 
ganisms which take part in N cycling (e.g., N-fixing bacteria, 
nitrifying bacteria, nitrosifying bacteria, ammonia oxidizing 
bacteria, and denitrifying bacteria), to forecast the potential ef¬ 
fects of atmospheric N deposition on global N cycling in the 
coming decades. 
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